SGK1 is transcriptionally upregulated by mineralocorticoids and activated by insulin. The kinase stimulates the renal epithelial Na + channel ENaC and may thus participate in blood pressure regulation. Hyperinsulinism is triggered by dietary fructose, which sensitizes blood pressure for salt intake. The role of SGK1 in hypertensive effects of combined fructose and high salt intake was thus explored in SGK1 knockout mice (sgk1 The observations reveal a pivotal role of SGK1 in insulin mediated sodium retention and the salt sensitizing hypertensive effect of high fructose intake.
Abstract:
SGK1 is transcriptionally upregulated by mineralocorticoids and activated by insulin. The kinase stimulates the renal epithelial Na + channel ENaC and may thus participate in blood pressure regulation. Hyperinsulinism is triggered by dietary fructose, which sensitizes blood pressure for salt intake. The role of SGK1 in hypertensive effects of combined fructose and high salt intake was thus explored in SGK1 knockout mice (sgk1 
Introduction
Dietary fructose leads to hyperglycemia, hyperinsulinism and increase in blood pressure (19; 35; 50; 60; 62; 79) . Since insulin was observed to be antinatriuretic in rats, dogs and humans, a role of insulin in the development of salt-sensitive hypertension has been suggested (22; 32; 49) . The antinatriuretic effect of insulin appears to result from direct action on tubular transport in distinct nephron segments (18; 26; 33; 63) . Insulin stimulates ENaC and may thus lead to renal retention of NaCl (6; 63; 78) , which in turn favours the development of hypertension (44; 46) . The effect of insulin on ENaC requires activation of the Phosphatidylinositide-3 (PI3)-kinase (9; 12; 64).
The regulation of ENaC activity by insulin may involve the serum and glucocorticoid inducible kinase SGK1 (31) . Expression of SGK1 has previously been shown to be stimulated by mineralocorticoids (5; 14; 20; 25; 45; 51; 56; 59; 71) . SGK1 is activated by insulin (40) through a signalling cascade involving PI3 kinase and PDK1 (7; 40; 55 Urinary Na + excretion is normal in SGK1 knockout mice under normal salt intake, but cannot be adequately decreased following exposure to salt deficient diet (74) . Thus, dietary salt deficiency leads to marked decrease of glomerular filtration rate and blood pressure in those mice (74) . Conversely, enhanced SGK1 activity may be expected to increase blood pressure by stimulation of both renal Na + reabsorption (74) and salt appetite (67) . As a matter of fact, a certain variant of the SGK1 gene has been associated with increased blood pressure (15; 16).
Chronic fructose feeding causes arterial hypertension which is associated with insulin resistance and hyperinsulinemia in rats (18; 38; 70) . The present study aimed to explore the role of SGK1 in the hypertensive effect of combined treatment with fructose and salt load. Thus, renal electrolyte excretion and blood pressure were determined in SGK1 knockout mice (sgk1
and their wild type littermates (sgk1 +/+ ) before and during oral fructose administration with and without additional high salt diet.
Methods
All animal experiments were conducted according to the guidelines of the American Physiological Society as well as the German law for the welfare of animals and were approved by local authorities.
Mice deficient in SGK1 (sgk1 -/-) on 129Sv background were generated and bred as previously described (36; 74) . The C57BL/6J strain is commonly chosen to induce diabetes in mice and exhibits defects in glucose tolerance independent of obesity (39; 41 To further investigate the role of SGK1 in the antinatriuretic action of insulin, male sgk1 +/+ and sgk1 -/-mice were subjected to renal clearance experiments as described before [34, 67] . Briefly, mice were anaesthetized using 100 mg/kg i. followed by a continuous infusion of 2 mU/kg/min for 60 min. This insulin regimen has previously been shown to produce antinatriuresis in rats (32) . At the onset of the insulin infusion, a 25% glucose infusion was started at the rate of 3µl/min. Blood glucose was determined at 10-min intervals. The rate of glucose infusion was adjusted to maintain the blood glucose concentrations at basal levels. Under those conditions, urine and blood were collected as described above. Plasma and urinary concentrations of Na + and K + were measured by flame photometry (ELEX 6361, Eppendorf, Germany). Clanalyzed by electrometric titration (Chloridometer 6610, Eppendorf, Germany). Creatinine concentrations were assessed by a commercial enzymatic kit (Labor+Technik, Berlin, Germany). Concentration of 3 H-inulin in plasma and urine were measured by liquid phase scintillation counting. Plasma concentrations of insulin were determined using an enzyme immunoassay kit (Mercodia, Uppsala, Sweden). Plasma aldosterone concentrations were analyzed using a commercial RIA kit (Beckman Coulter, Krefeld, Germany).
Systolic arterial blood pressure was determined by application of the tail-cuff method.
As reviewed recently (47), the tail cuff approach to determine arterial blood pressure requires certain precautions to reduce the stress of the animals, including appropriate training of the mice over multiple days, prewarming to an ambient temperature of 29°C, measurement in a quiet and semidarkened and clean environment, and performance of the measurements by one person and during a defined day time, when blood pressure is stable (between 1-3 PM). All these precautions were taken in the present study. Tail-cuff measurements were performed according to the user's manual for the blood pressure analyzer (IITC Model 179, Hugo Sachs Elektronik, Germany). Blood pressure recording was considered to be successful if the mouse did not move and a clear initial pulse can be seen ( Fig. 1 ). Five tail-cuff measurement were made in a session. The blood pressure for the session was accepted when the deviations of the five blood pressure readings were less than 5 mm Hg ( Fig. 1 ).
In another series sgk1 +/+ wild type mice were divided into 4 groups (5 mice per group) and treated separately with 1) control diet; 2) 10% fructose for 3 weeks; 3) 4% NaCl diet for 2 weeks; 4) 10% fructose for 3 weeks plus 4% NaCl diet for 2 weeks. Mice were anesthetized with ketamine plus xylazine. Kidneys were immediately taken out and shock frozen in liquid experiments. All data were tested for significance using paired or unpaired Student t-test and only results with P < 0.05 were considered statistically significant.
Results
Under control diet blood glucose levels and plasma insulin concentrations were similar in SGK1 knockout mice (sgk1 (Fig. 2) . As shown in Fig.2 , high salt diet alone did not significantly alter blood glucose levels nor plasma insulin concentrations whereas plasma aldosterone concentrations were suppressed by a high salt diet in both genotypes. As were expected from previous studies, replacement of plain tap water with 10% fructose solution as drinking fluid led to a marked increase of blood glucose levels and plasma insulin concentrations in both genotypes (Fig. 2) . In contrast, plasma aldosterone concentrations were not consistently altered by an oral fructose load. The additional high salt diet did not significantly affect blood glucose levels or plasma insulin concentrations. In both sgk1 +/+ and sgk1 -/-mice, plasma aldosterone concentrations were significantly reduced by an additional high salt diet (Fig. 2) . (Fig. 3) . Under combined fructose and high salt diet, plasma K + and Cl -concentrations were modestly elevated in both genotypes.
Plasma Na + concentrations were slightly but significantly lower in sgk1 -/-than in sgk1 +/+ mice treated with combined fructose and high salt diet (Fig. 3) .
Under control diet, fluid intake, urinary flow rate, creatinine clearance, urinary Na + , K + and Cl -excretions were similar in sgk1 -/-and sgk1 +/+ mice (Fig. 4a, 4b) . In both sgk1 +/+ and sgk1 -/-mice, high salt diet alone increased fluid intake, urinary flow rate, urinary Na + , K + and Cl -excretions (Fig.   4a, 4b ). The addition of 10 % fructose to the drinking water (for 3 weeks) led to a similar increase of fluid intake and urinary flow rate in both genotypes, and did not significantly alter creatinine clearance, urinary Na + , K + and Cl -output in neither genotype ( Fig. 4a and 4b) . (Fig. 4a ).
Blood pressure was similar in sgk1 +/+ and sgk1 -/-mice during control diet (98.4 ± 1.9 vs.
98.2 ± 1.1 mmHg) or following administration of fructose alone for 3 weeks (99.7 ± 0.7 vs. 99.6 ± 0.7 mmHg), but significantly increased only in sgk1 +/+ following combined treatment with fructose and high salt intake (115 ± 1 vs. 103 ± 0.7 mmHg, p<0.05, Fig. 5a , Table 1 ). In contrast, without previous fructose load, high salt diet alone did not significantly affect systolic blood pressure in neither genotype (Fig. 5b) .
To further investigate the role of SGK1 in the antinatriuretic action of insulin, renal effects of intravenous insulin were determined in clearance experiments under anaesthesia. As shown in Table 2 , baseline blood pressure, glomerular filtration rate (GFR), blood glucose levels, and fractional urinary Na + excretion were similar in sgk1 +/+ and sgk1 -/-mice. Acute insulin infusion reduced fractional urinary Na + excretion in sgk1 +/+ mice, an effect significantly blunted in sgk1 -/-mice (Table 2) . Thus, fractional urinary Na + excretion was significantly higher in sgk1 -/-than in sgk1 +/+ mice during the insulin administration. Acute intravenous application of insulin did not significantly affect blood pressure nor GFR in neither genotype ( Table 2) .
As illustrated in Fig. 6 , fructose diet significantly increased the SGK1 transcript levels in kidneys from sgk1 +/+ mice. Additional treatment with high salt diet led to a decrease of SGK1 transcript levels which, however, tended to remain higher than under control conditions despite a marked decrease of plasma aldosterone concentration (Fig. 2) . In situ hybridization of SGK1 mRNA identified the glomeruli, cortical tubular structures and collecting ducts as the principal sites of SGK1 expression (Fig. 7) . Fructose diet again caused a significant increase in the SGK1 expression.
Discussion
As reported earlier (36) The present observations further confirm the previous observations in sgk1 -/-mice on 129Sv background (74) , that under standard diet urinary salt excretion and blood pressure are similar in sgk1 -/-and sgk1 +/+ mice. However, the elevated aldosterone plasma concentrations in sgk1 -/-mice also points to the functional significance of SGK1 dependent regulation of renal salt conservation even under those dietary conditions. The enhanced plasma aldosterone concentration overrides the lack of SGK1 and allows the maintenance of normal blood pressure.
The maintenance of blood pressure in sgk1 -/-mice is consistent with SGK1 independent regulation of renal Na + reabsorption (74) . Accordingly, the phenotype of the SGK1 knockout mouse is by far less severe than that of mice lacking functional mineralocorticoid receptors (4) or mice lacking functional ENaC (37) . The mineralocorticoid receptor knockout mouse suffers from severe renal salt wasting (4) and the ENaC knockout mouse is not viable (37) .
The phenotype of the SGK1 knockout mouse became only apparent after exposure of the mice to salt deplete diet. NaCl excretion decreased under NaCl depletion in both, sgk1 -/-and sgk1 +/+ mice. However, the renal NaCl loss was significantly larger in sgk1 -/-mice than in sgk1 +/+ mice, despite exaggerated increase of plasma aldosterone concentrations, decrease of blood pressure, decrease of glomerular filtration rate and enhanced proximal tubular Na + reabsorption in the sgk1 -/-mice (74) . Thus, lack of SGK1 limits the ability to reabsorb Na + .
Those observations do not necessarily indicate that lack of SGK1 protects from increase of blood pressure during salt excess.
In contrast to animals of either genotype under control diet, the blood pressure of sgk1 requires activation through PI3 kinase and PDK1 (7; 40; 55), aldosterone may have smaller effects on renal Na + transport at low insulin levels.
Notably, fructose alone is not sufficient to elicit SGK1 dependent blood pressure increase. It has been shown that increase of arterial blood pressure induced by fructose feeding depends on dietary salt intake (52) . Our data similarly show that high fructose intake alone does not significantly alter blood pressure in mice on normal salt diet. However, the additional salt load increases blood pressure in sgk1 +/+ but not in sgk1 -/-mice, an observation disclosing the role of SGK1 in hypertension during combined excess of dietary fructose and salt. Notably, the different responses in blood pressure occurred despite of a greater food intake and thus salt load in sgk1 -/-than in sgk1 +/+ mice. High fructose diet leads to increased insulin plasma concentrations that in turn are expected to stimulate SGK1 and subsequently ENaC-mediated Na + retention in distal nephrons (10-12; 29; 73) . A high salt diet unmasks the fructose-induced SGK1-dependent renal Na + retention, and body salt balance requires an increase of blood pressure. Our data demonstrate that fructose diet significantly increases renal SGK1 transcription levels, and additional high salt diet failed to suppress SGK1 mRNA expression to control levels.
Besides ENaC, activation of SGK1 could increase renal Na + reabsorption by affecting further transport systems including NHE3 and KCNQ1/KCNE1 in proximal tubules or BSC-1 in thick ascending limbs. Finally, our study can not exclude the possibility that SGK1 in addition influences blood pressure through further effects on the cardiovascular system.
The fall in creatinine clearance in response to a high salt diet in mice treated with fructose diet may reflect changes in GFR. A decrease in GFR in response to a high salt diet, however, would be counterintuitive with regard to salt balance implying a "salt paradox", which has been observed before in rats (68; 69) and patients (48) 
